In this study, we further examined the sequence selectivity of camptothecin in mammalian topoisomerase I cDNA from human and Chinese hamster. In the absence of camptothecin, almost all the bases at the 3'-terminus of cleavage sites are T for calf thymus and wheat germ topoisomerase I. In addition, wheat germ topoisomerase I exhibits preference for C (or not T) at -3 and for T at -2 position. As for camptothecinstimulated cleavage with topoisomerase I, G (or not T) at +1 is an additional strong preference. This sequence selectivity of camptothecin is similar to that previously found in SV40 DNA, suggesting that camptothecin preferentially interacts with topoisomerase l-mediated cleavage sites where G is the base at the 5'-terminus. These results support the stacking model of camptothecin (Jaxel etal. (1991) J. Biol. Chem. 266, 20418-20423). Comparison of calf thymus and wheat germ topoisomerase l-mediated cleavage sites in the presence of camptothecin shows that many major cleavage sites are similar. However, the relative intensities are often different. One of the differences was attributable to a bias at position -3 where calf thymus topoisomerase I prefers G and wheat germ topoisomerase I prefers C. This difference may explain the unique patterns of cleavage sites induced by the two enzymes. Sequencing analysis of camptothecinstimulated cleavage sites in the surrounding regions of point mutations in topoisomerase I cDNA, which were found in camptothecin-resistant cell lines, reveals no direct relationship between DNA cleavage sites in vitro and mutation sites.
INTRODUCTION
DNA topoisomerase I (topo I) has been reported to have an important role in DNA replication and RNA transcription (1, 2) . By inducing transient single-strand breaks, it allows one strand to go through the break point, relaxes torsional tension and reseals the break (3) . Addition of a denaturing agent stops this catalytic reaction and traps the intermediate which has been referred to as the cleavable complex (1, 2) . Several factors, such as histone or salt condition, have been reported to affect the interaction between topo I and DNA (4) (5) (6) . In vitro sequencing analysis of topo I-induced cleavage sites revealed that topo I binds to DNA non-randomly. Although base sequence may not be the only determinant of topo I-mediated DNA cleavage sites, several consensus sequences have been reported by using vaccinia virus, Tetrahymena, wheat germ, mouse, rat, calf and human topo I (7) (8) (9) (10) (11) (12) (13) (14) (15) . Reported consensus sequences are not definitively consistent. Discrepancies may be due to differences in source of topo I, reaction conditions, substrate DNA and data analysis.
Camptothecin (CPT) is a plant alkaloid which inhibits the rejoining step of topo I activity (16, 17) . Since CPT stabilizes cleavable complexes, base sequence preferences of topo Imediated cleavage sites in the presence of CPT have been compared with those in the absence of drug (4, 10, 12, 15, (18) (19) (20) . Based on the effect of CPT on the intensity of cleavage sites, topo I-mediated DNA cleavage sites can be classified into three groups: sites which are enhanced by CPT, sites which disappear and sites which show no alteration of intensity in the presence of CPT. One of the difficulties in investigating sequence selectivity of drugs is how to analyze the data. We have developed a probability analysis method for sequence selectivity and showed preferential base sequences for CPT as well as topoisomerase II inhibitors (21) . Recent studies on base preference at the sites of CPT-stimulated cleavage by topo I indicate a strong bias for the bases immediately flanking the cleavage sites in SV40 DNA and synthesized oligonucleotides (15) . CPT preferentially enhances topo I-mediated cleavage sites which have G at the 5'-terminus of break. Interestingly, two molecular forms from calf thymus topo I exhibit substantially different site specificity once CPT has been added, although cleavage pattern in the absence of CPT were similar (22) . The position of the catalytic tyrosine has been identified in several topo I enzymes (2, 3) . However, it has not been elucidated which parts of the enzyme is responsible for recognition of the base sequence and interaction with CPT.
To confirm the preferential base sequences for CPT which had been found in SV40 DNA using mouse leukemia topo I (15), we chose human and Chinese hamster topo I cDNAs as substrate DNA for cleavage reactions. Since base homology between the human and Chinese hamster topo I cDNAs is 90%, one of the advantages of these substrates is that it is possible to compare the intensity of cleavages sites where a few bases are different between human and Chinese hamster cDNAs. Another advantage is that site analysis of CPT-induced cleavage on topo I cDNA might provide some insights into relationship between druginduced cleavage sites in vitro and mutation sites in topo I cDNAs from CPT-resistant cell lines. At present, three cell lines have been reported to have base mutations in topo I cDNA. Two of them are human cell lines in which CPT-resistance was achieved after stepwise increase of CPT-11 in the culture medium [CPT-K5 (23), PC-7/CPT (24)]. CPT-K5 and PC-7/CPT have two and one mutation in topo I cDNA when compared to their parental cell lines, respectively (25, 26) . The other cell line (DC3F/C-10) was selected in Chinese hamster cells by a 10-day exposure to 1 pM CPT after mutagenic treatment with ethylmethane sulfonate (27, 28) . It is unknown whether these mutation sites are hot spots for CPT-induced cleavage or not. Since CPT stabilizes cleavable complex, persistent existence of cleavable complex may work as a trigger for mutations.
The present study was undertaken in order to investigate further the sequence selectivity of CPT on topo I-mediated cleavage sites by using mammalian top 1 cDNA (from human and Chinese hamster) as substrates. We examined the DNA sequence selectivity of calf thymus and wheat germ topo I in the presence and absence of CPT. We analyzed the base preference of CPT by alignment of cleavage sites and probability analysis and by comparison of cleavage intensity at corresponding sites in human and Chinese hamster cDNAs which differ by a few bases. We also compared the CPT-induced cleavage sites and mutation sites in topo I cDNA from CPT-resistant cell lines to determine if the mutation sites are relevant to CPT-stimulated cleavages sites in vitro.
MATERIALS AND METHODS
Materials, enzymes, and drug Partial Chinese hamster topo I cDNA was cloned in pBluescript SK(-) (Stratagene, La Jolla, CA) (28) . Human topo I cDNA (TIB) was kindly provided by Dr Earnshaw (Johns Hopkins University) (29) . Restriction endonucleases and proteinase K were obtained from New England Biolabs (Beverly, MA) and Merck (Darmstadt, Germany), respectively. Klenow fragment of DNA polymerase I, T 4 polynucleotide kinase, S[ nuclease and calf thymus topo I were obtained from Gibco-Bethesda Research Laboratories (Gaithersburg, MD). Wheat germ topo I was purchased from either Epicentre Technologies (Madison, WI) or Promega Corporation (Madison, WI). CPT from Sigma Chemical Company (St Louis, MO) was dissolved in dimethyl sulfoxide at 10 mM and kept at -70°C. [a-
32 P]deoxynucleotides were from Du Pont-New England Nuclear Research Products (Boston, MA).
Radiolabeling
In most cases, 32 P-end labeled topo I cDNA fragments for cleavage assays were prepared as follows. Topo I cDNA was first digested with one of the restriction enzymes listed in Figure  1 . The 3'-ends of the restricted fragments were labeled with the Klenow fragment of DNA polymerase I and [a-32 P]deoxynucleotide (6000 Ci/mmol). The DNA was incubated with the second restriction endonuclease and separated by agarose gel electrophoresis. Labeled DNA was extracted from the gel and used for cleavage assay.
DNA cleavage assays Reactions were performed in 30 jil of reaction buffer [ 10 mM Tris-HCl pH 7.5, 50 mM KC1, 5 mM MgCl 2 , 1.7 mM dithiothreitol and 15 jtg/ml bovine serum albumin]. DNA was incubated with 30 units of topo I in the presence and absence of 10 |iM CPT at 37°C for 15 min, unless otherwise indicated. Reactions were stopped by adding sodium dodecyl sulfate and proteinase K (final concentration; 1% and 100 /tg/ml, respectively) and further incubated at 37°C for an additional 30 min.
Phosphorylation of 5'-DNA termini generated by topo I was performed as follows. Topo I + camptothecin reaction products were by ethanol precipitated, dried and resuspended in T 4 polynucleotide kinase buffer containing T 4 polynucleotide kinase (New England Biolabs, Beverly, MA) and unlabeled ATP (0.45 mM) for 30 min at 37°C. Reactions were stopped by adding EDTA (25 mM final concentration) at heat treatment at 70 °C for 10 min.
For agarose gel analysis (see Figure 2 ), DNA was purified by phenol and chloroform extractions, and precipitated with ethanol. Resuspended DNA was treated with S, nuclease to convert single-stranded DNA breaks to double-stranded breaks and electrophoresed in 1.2% agarose gel (30) . Autoradiographies of the gels were scanned with a Beckman DU-8B spectrophotometer in order to determine the positions of cleavage sites and quantify the intensity of each signal (18, 31) .
For sequencing gel analysis, samples were precipitated with ethanol, resuspended in Maxam-Gilbert loading buffer and run into 6% wedge-shaped denaturing poly aery lamide gels. Cleavage sites were determined by comparison with Maxam-Gilbert sequencing markers as described previously (18) .
Statistical analysis Topo I-induced cleavage sites on the autoradiographies of the sequencing gels were classified into three groups according to their relative intensities (strong, moderate and weak). For a given autoradiography, most intense sites were classified as strong, sites just clearly detectable above background as weak, and sites of intermediate intensity as intermediate. The bases at the 3'-and 5'-termini of the analyzed break points were numbered -1 and + 1, respectively.
The nucleotide sequence bias for topoisomerase sites resides in the difference between the number of instances of each base observed at each position relative to the cleavage site and the number of instances of that base to be expected from chance occurrence. We estimate this difference taking into account any bias of nucleotide triplet frequencies that may exist in the DNA being analyzed (because of a typographical error in one of the equations as printed in reference 21, the relevant equations are given below, and we review the basis of this method of calculation). Our method of calculation takes into account bias for each type of base relative to the identity of the next base on each flank. The probability of finding a base x between upstream base a and downstream base b is given by (1) n (a,x,b) is the number of occurrences of base x between bases a and b throughout the region of DNA analyzed. The denominator in equation (1) is the total occurrences the pairs a and b independent of the central base (the 4 possibilities, A, C, G or T, are assigned the integers i = 1, 2, 3 or 4, respectively). The matrix of 64 values off(ajc,b) was calculated separately for each strand of the topo I gene; these values showed some substantial strand-dependent differences (Table 1) . In this way, the cleavage sites observed in each strand were evaluated relative to the expected base triplet patterns for that strand.
The first approximately 1000 base pairs of the topo I gene constitutes a CpG island with markedly different base frequencies compared to the remainder of the gene. The DNA fragments used in the current work did not include the first 1000 base pairs. We calculated the j{a,x,b) matrix with or without exclusion of the first 1000 base pairs, and found only minor consequent differences.
The expected number of occurrences of base x at a given position relative to the point of cleavage, e(x), is the sum of the j{a,x,b) values for the set of cleavage sites analyzed. The probability of finding base x by chance at a given position relative to the point of cleavage in the set of cleavage sites is
where n is the total number of cleavage sites in the set analyzed. The probability, P, of chance occurrence of a deviation from expectation greater or equal to that observed was calculated as follows. Let m be the number of sites that are found to have a given base at some position relative to the point of cleavage, the expected number at that position being pn. If m > pn, the chance occurrence of m or more instances is
If m < pn, the chance occurrence of m or fewer instances is "XT;
Factorials were computed to 10-digit precision as their logarithms using the Lanczos approximation (32) .
RESULTS
First, we examined the overall topo I-mediated cleavage patterns in human topo I cDNA. In order to radiolabel sense and antisense strands of human topo I cDNA, the cDNA (TIB) in pUC9 plasmid was first digested with EcoRI and labeled at both 3'-ends with [a-32 P]dATP by Klenow fragment of DNA polymerase I. The 3'-end labeled DNA was redigested with either BsaHI or BsaBI and purified after agarose gel electrophoresis. The long fragments of the EcoRI/BsaH and EcoRI/BsaBI restriction digests corresponded to cDNA whose sense and antisense strands were radiolabeled, respectively (see Figure 1 ). Figure 2 shows calf thymus topo I and wheat germ topo I-mediated cleavage patterns in human topo I cDNA in the absence and presence of 10 /iM CPT. Panel A shows typical cleavage patterns in the topo I cDNA using the 3'-end-labeled sense strand. Panel B corresponds to a computation of the densitometer scanning of autoradiography films (Panel A and data not shown) for CPTinduced DNA cleavage. Several major cleavages were induced in the same regions by both topo I enzymes. However, spectrophotometric analysis demonstrated that relative intensities of each peak were clearly different, for example intensity of peak E was very strong in the case of wheat germ topo I while it was relatively weak in the case of calf thymus topo I. The densitometer scanning of cleavage reactions and autoradiography performed with the antisense labeled-strand yielded similar patterns of CPTinduced DNA cleavage as expected, with computed positions of major peaks within 200 bases (data not shown). Since overall cleavage was stronger for wheat germ topo I than for calf thymus topo I (Panel A), we examined the cleavage patterns under different conditions. Increasing the amount of calf thymus enzymes from 30 up to 120 units in the presence of 10 /*M CPT enhanced cleavage but did not alter its pattern. Similarly, decreasing CPT down to 1 /*M in the presence of 30 units of wheat germ topo I did not change cleavage patterns (data not shown). These results demonstrate that CPT-induced cleavage exhibits different selectivity for calf thymus and wheat germ topo I and suggest that topo I enzymes from different sources have different base preference.
Next we compared calf thymus and wheat germ topo Imediated DNA cleavage sites in human topo I cDNA by sequencing gel analysis. Cleavage sites of calf thymus topo I were atef(ajc,b) , the probability of finding base x, given that the immediately flanking bases on the 5' and 3' sides are a and b, respectively, calculated according to equation (1) for the sense and antisense strands between positions 1000 and 3644 of the human topo I cDNA. 
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Nucleic Acids Research, 1993, Vol. 21 Figure 1 shows the fragments used for mapping the cleavage sites. Figure 3 demonstrates CPT-induced cleavage sites in antisense strand of human topo I cDNA which had been labeled at Avrll site. This fragment includes the region which corresponds to peak E in Figure 2B . An aliquot of cleavage reaction mixture with CPT and topo I was additionally incubated with T4 polynucleotide kinase to add a phosphate to the 5'-hydroxy termini of cleaved fragments and electrophoresed in parallel, so that cleavage sites could be identified unambiguously (7) . Although many cleavages were induced at the same sites, relative intensities of each site were not similar. One of the differences between calf thymus and wheat germ topo I-mediated cleavages in the presence of CPT was at position 2663 where cleavage intensity was much greater in the case of wheat germ topo I than in the case of calf thymus topo I. This difference at position 2663 might contribute to the significant difference at peak E in Figure 2 . Figure 4 demonstrates the effect of base substitution on CPTinduced cleavage in addition to the difference of sequence selectivity between calf thymus and wheat germ topo I. The EcoNI/PpuMI fragment of Chinese hamster topo I cDNA (802 base pairs [bp]) was incubated with calf thymus topo I in the absence and presence of 10 jiM CPT. The EcoNI/EcoNI fragment of human topo I cDNA (404 bp) was reacted with either calf thymus or wheat germ topo I under the same condition. As shown in Figure 4 , comparison of calf thymus topo I-induced cleavage with CPT in human and Chinese hamster cDNA revealed that many sites were detectable in both human and Chinese hamster cDNA but that some sites were unique to one or the other target DNA ( Figure 4B ). Base substitution from C to T at -3 position seemed to inhibit cleavage in the presence of CPT (positions 1517 and 1526). As shown in Figures 3 and 4 , calf thymus and wheat germ topo I enzymes demonstrated different cleavage patterns in human topo I cDNA, which is consistent with the agarose gel analyses (Figure 2 ). Although intensities of CPT-stimulated cleavages at positions 1517 and 1526 in the case of wheat germ topo I were strong, they were relatively weak in the case of calf thymus topo I.
Analysis of topo I cleavage sites induced by the calf thymus and the wheat germ enzymes in the absence and presence of CPT was performed in the set of DNA fragments shown in Figure  1 . Probabilities of the observed base frequency deviation from -2, the bias was for T or not C. Also, the observed frequency of G at +7 was remarkably below expectation. As for CPTinduced DNA breaks, probabilities of G or not T at +1 and -3 were clearly significant in addition to that of T at -1 and T or not C at -2 ( Figure 5B ). These findings are basically in agreement with those found in SV40 DNA except for not G at +7 position (15, 18) . However, this difference is probably due to random occurrence rather than true base preference since it was not detectable in the other data sets. On the other hand, in Frequencies of observed bases at position -4, -3, -2, -1 and +1 of cleavage sites are expressed as percentages. 
the case of wheat germ topo I-mediated cleavage without CPT, T at -1, T at -2 and C/not T at -3 were preferential bases ( Figure 5C ). In the presence of CPT, P values for T at -1, T/not C at -2 and C/not T at -3 were significant. Cleavage sites with G/not T at +1 were preferentially selected by CPT ( Figure 5D ). Base frequencies around cleavage sites in human topo I cDNA which were induced by both topo I enzymes in the absence and presence of CPT are expressed as percentage in Table 2 . Base preference and deficiency were often enhanced at strong sites and reduced at weak sites. Comparison of base preferences of calf thymus and wheat germ topo I shows that both enzymes have very strong preference for T at -1 (approximately 84% and 94% of all sites, respectively), and for not T at -3 in the presence of CPT (Table 2, Figure 5 ). Differences between calf thymus and wheat germ topo I were; i) at position -3 where calf thymus topo I preferred G while wheat germ topo I preferred C, ii) preference for G at position +1 in the presence of CPT was stronger in the case of calf thymus topo I than in the case of wheat germ topo I.
Human and Chinese hamster topo I cDNAs exhibit 90% homology at the nucleotide level. Figure 6 shows the list of 28 CPT-stimulated cleavage sites which were suppressed either in human or in Chinese hamster cDNAs. Except for cleavage sites at positions 2337 and 2428, every site has base substitution between at positions -4 and at +1. Base substitution from T at either -1 or -2 to C reduces cleavage intensity by CPT. T at +1 has negative effect on cleavage intensity. These findings are in agreement with the results of the probability analysis ( Figure 5) .
Finally, we compared CPT-induced cleavage sites in topo I cDNA and mutation sites in topo I cDNA from CPT-resistant cell lines (Figure 7) . The DC3F/C-10 cell line has been derived from a Chinese hamster lung fibroblast cell line (DC3F) (27) . DC3F/C-10 has one point mutation which corresponds to position 1718 in human topo I cDNA (28) . CPT-induced cleavage sites in Chinese hamster topo I cDNA are more than 9 bases away from the mutation site. In human topo I cDNA, CPT induces cleavages between T at 1806 and C at 1807, and between G at 1813 and T at 1814 on the antisense strand, which are in the vicinity of the mutation site (genomic position 1809) in CPT-K5 (25) . However, CPT does not induce a detectable cleavage at position 1809. As for the other mutation site (position 1959) in CPT-K5 cDNA, cDNA from the parental cells of CPT-K5 has a base substitution at position 1959 when compared to TIB cDNA. As far as we investigated by using TIB cDNA, the CPTinduced cleavage sites are more than 3 bases away from the mutation sites (data not shown). In the case of the mutation in topo I cDNA from PC-7/CPT cell line (genomic position 2396), CPT induces weak cleavage sites more than 3 bases away from the mutation site.
DISCUSSION
We have analyzed topo I-mediated DNA cleavage sites in the absence and presence of 10 fiM CPT and identified, 63 and 39 sites without CPT, and 258 and 186 sites with CPT in human topo I cDNA by calf thymus and wheat germ topo I, respectively. Frequency of detectable cleavage sites for calf thymus topo I is approximately one site per 59 nucleotides without CPT and one per fourteen with CPT. The former value is relatively low when compared to the cleavage site frequencies without CPT in previous works, 68 sites in 827 nucleotides for human topo I (7), 223 and 245 sites in 1781 nucleotides for rat liver and wheat germ topo I, respectively (8) . It is probably due to the reaction condition, especially the ratio of enzyme and substrate DNA.
Since reduction of enzyme concentration induces less overall breakage without alteration in the cleavage pattern (8) , most cleavage sites in our study correspond probably to the strong sites of other reports (7, 8) . However, there is an apparent difference between our results and previous studies. Edwards et al. analyzed the human and calf thymus topo I-mediated cleavage sites in SV40 DNA in the absence of CPT and deduced the following consensus sequence, not G at -4, not T at -3, not G at -2, not G/not A at -1 and not G at +1 (7). These authors did not find the very strong preference for T at -1 position as we did. However, these authors used single-stranded DNA rather than duplex DNA. Our results are more consistent with those by Been et al. who used rat liver and wheat germ topo I for cleavage reaction (8) .
When comparing the consensus sequences of wheat germ topo I-induced strong cleavage sites in their report and in ours, preference for T at -1 is similar. One of the difference is the preference at -3. G or C are preferred in their study although C shows a stronger bias than G in ours. Perez-Stable etal. and Jaxel et al. also found preference for T at the -1 position with human and mouse topo I, respectively (10, 15, 18) . As for the cleavage sites in the presence of CPT, some reports found preference for G at +1 position and the others did not. Champoux et al. showed slight preference for G at +1 for rat liver topo I and not for wheat germ topo I, and found that CPTinduced cleavage sites exhibit significant preference for the nucleotides at position +1 to +3 (not T), +9 (A/T), +10 (A/G), and -10 (T) (4, 12) . However, only 14 cleavage sites were analyzed with wheat germ topo I and no statistical analysis was performed (12) . Bronstein et al. analyzed calf thymus topo Imediated cleavage sites with and without CPT. They found preference for T at -1 and +1, G at +2 and alteration of preference for A at -3 to -5 in the presence of CPT (11) . Perez-Stable et al. showed the consensus sequence as follows; preference for T at -1 and A or T at -2 (10). In vivo mapping of cleavage sites in SV40 DNA from monkey cells exhibits preference for G at +1 in contrast to in vitro mapping which did not show such preference (13) . Kjeldsen et al. and Tsui et al. also revealed that CPT frequently cleaves between T at -1 and G at +1, and between T at -1 and G/A at +1, respectively (19, 33) . Different substrate DNAs used for analysis might lead some discrepancies among reported consensus sequences. As shown in Table 1 , expected base triplet patterns are different even between sense and antisense strands. This asymmetrical distribution of 4 bases suggests that statistical analysis of cleavage sites is necessary to lead any consensus sequence. Therefore, we believe that the present method of analysis is the most objective at the present time since it takes into account any base frequency bias in the target sequence and adjusts the probability values to the number of sites analyzed.
In this study, we found the strong and statistically very significant preference for G/not T at +1 in the case of both calf thymus and wheat germ topo I enzymes cleavage sites induced by CPT. These results are in agreement with our previous work with mouse topo I and SV40 DNA (15, 18) . Moreover, frequencies of observed bases at break points clearly shows that preference and deficiency correlate with cleavage intensity (Table  2 ). Our consensus sequences for topo I-mediated cleavage without and with CPT are shown in Table 3 , which indicates preference at +1 as the major specific difference for CPT-induced cleavage. One discrepancy between our previous work (15, 18) and this study is the deficiency for G at +7 position. We believe that this deficiency is within experimental error and should not be considered significant since it is not observed in the presence of CPT ( Figure 5B ) and was not detectable in our previous analysis in SV40 DNA (15) . The analyzed region of the substrate human topo I cDNA has 77 sites whose base sequence is 5'-TTG-3'. Forty-five out of 77 sites (58%) are actually cleaved by calf thymus topo I in the presence of CPT. Twenty-nine sites out of the 32 uncleaved sites have either G at -4 or T at -3. Thus, forty-five out of 48 sites (94%), that are consistent with consensus, 5'-(not G)-(not T)-T-T"G-3', exhibit cleavage between T and G in the presence of CPT (caret). On the assumption that CPT-stimulated cleavage sites are endogenous topo I sites, it is not surprising that the consensus sequence for CPT-stimulated cleavage sites upstream from the cleavage sites basically reflects that for topo I-mediated cleavage without CPT. For combination of wheat germ topo I and CPT, preference for C at -3 may be due to wheat germ topo I itself and it may not be essential for interaction between CPT and wheat germ topo I-DNA complex, because percentage of C at -3 without CPT is higher than that with CPT (Table 2) . Taken together, these observations demonstrate that the major difference between preferential bases with and without CPT is G/not T downstream from the cleavage sites at the +1 position.
We have previously postulated that inhibitors of both topoisomerase I and II may increase cleavable complexes by preventing DNA religation because of their stacking inside the enzyme cleavage sites (15, 21) . This hypothesis was derived from the observation that agents from different chemical classes exhibit a selective preference for one of the bases flanking the cleavage sites. Adenine at the 3'-terminus (-1 position) for doxorubicin, cytosine for etoposide (VP-16), adenine at the 5'-terminus (+1 position) for m-AMSA (21) . Since all compounds are planar conjugated ring systems, stacking with the bases would be -facilitated. Preference for G at +1 position supports the stacking model of CPT (15) . Although G at +1 may be essential for the interaction between CPT and topo I-DNA complex, topo I enzyme or base sequence other than G at +1 may affect cleavable complex formation since we found that: i) in this study, preference for G at +1 is stronger in the case of calf thymus topo I than in the case of wheat germ enzyme; ii) preference for G/not T at -3 appears greater in the presence of CPT than in the absence of the drug. Enzymatic characteristics of calf tiiymus and wheat germ topo I are not identical. For instance, the DNA relaxing activity of wheat germ topo I is not inhibited by CPT when compared to that of mammalian topo I (12) . Thus, interaction between CPT and G at +1 may not be of equal importance for different topo I enzymes.
Hot spots for acridine-induced frame shift mutations corresponded to topoisomerase H-mediated DNA cleavage sites (34) (35) (36) . Topo I-mediated DNA cleavage sites have been considered to be relevant to the recombination sites, because many of the recombination sites show the consensus base sequence for topo I-induced cleavage and association with topo I cleavage sites in vitro (37) (38) (39) . Since CPT-induced cleavage exhibits base sequence selectivity, it is possible that CPT attacks specific sites in the genes and induces mutation(s) (40, 41) which may cause drug-resistance. However, there is no report which describes the relationship between topo I inhibitor-induced cleavage and point mutations as far as we know. Cleavage site analysis on human topo I cDNA showed that CPT induces the cleavage in the vicinity of the mutation site (positions 1809 and 2396). Although it remains possible that these cleavages worked as a trigger to induce the point mutation which resulted in CPT-resistance, CPT does not induce detectable breaks at die mutation sites themselves. Porter et al. investigated in vivo CPT-stimulated cleavage sites on SV40 DNA isolated from monkey kidney cells and found notable differences between in vitro and in vivo sites (13) . Thus, mapping the cleavage sites in vivo will be more conclusive, even though base sequence at mutation sites are not compatible with consensus sequence for CPT-stimulated cleavage. Further analysis of other mutation sites induced in cells which had been treated with CPT should provide more definitive conclusions.
